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Abstract
The environmental performance of biomass processing plants can be enhanced through industrial symbiosis in 
bioenergy parks which utilize synergistic exchanges to ensure more sustainable operations. However, symbiosis will 
also increase the interdependence of plants, such that when one plant fails, there will be a cascading effect in the 
entire network. In this work, a criticality index is proposed to quantify the effects of a plant’s failure to run at full 
capacity. This index is the ratio of the fractional change in the net output to the fractional change in capacity of the 
plant causing the failure. The plants in the entire bioenergy park can then be ranked based on this index. Such 
information can then be used for developing risk mitigation measures, such us planning for system redundancy. A 
case study is presented to demonstrate how the method determines the criticality of plants within a bioenergy park.
© 2014 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICAE
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1. Introduction
The production of biofuels is one of the key low-carbon technologies used to address the growing 
concerns on global energy security and climate change. Furthermore, environmental performance and 
efficiency of biomass processing plants can be enhanced through industrial symbiosis which results in 
bioenergy parks [1]. Such systems utilize synergistic product, by-product, and utility exchanges among 
the component plants to ensure more sustainable operations. Industrial symbiosis is a branch of industrial 
ecology that put together conventional stand-alone plants to cooperate for environmental gains [2].
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However, due to the increased interdependence of component plants within a bioenergy park, there will 
be a cascading effect in the entire network when one plant becomes inoperable. Inoperability of one or 
more plants results in a deviation from an initial bioenergy park configuration. Cascading failure concepts 
are similar to those demonstrated in eco-industrial parks [3] and in multi-functional energy systems [4].
According to these works, the failure of a unit cascades that results into losses or possible collapse of the 
entire network. Thus, it is important to provide some criteria to evaluate the ability of a bioenergy park to 
withstand perturbations. Industrial networks can be modeled using Input-Output (IO) analysis [5,6]. IO 
models are used to quantify the robustness and risks associated with economic, environmental, and 
energy systems [7,8].
In this work, a criticality index is proposed to quantify the effects of a plant’s failure within a 
bioenergy park. The plants in the entire bioenergy park can then be ranked based on this proposed index 
to determine which facilities are critical. Such information can then be used for developing risk mitigation 
measures, such us planning for system redundancy. A case study is presented to demonstrate the method.
2. Development of Criticality Index
For any given bioenergy park configuration, it is essential to have a quantitative means of assessing 
how the system topology creates dependencies among plants, and of assessing how vital each plant is to 
the network as a result of potential ripple effects of operational disruptions. This section discusses the 
procedure for the computation of a proposed criticality index for such systems. Each plant is described 
using only key mass or energy balances via Equation (1), where ۯ is the process matrix, ܠ is the plant 
capacity vector, and ܡ is the final output vector. Then, a model for simultaneous exogenous specifications
in the capacity and final output of a given system is used. The approach here is based on a method 
proposed for industrial networks [6] as shown by Equation (2). ۯԢ is the k × k matrix containing the 
elements from the first k rows and first k columns in matrix A. ۯԢԢ is the (n – k) × k matrix in A. ۰Ԣ is the 
k × (n – k) matrix in (–A). ۰ԢԢ is the (n – k) × (n – k) matrix in (–A). Meanwhile, ܠԢ is k-element column 
vector containing endogenous capacity and ܠԢԢ is the (n – k) element column vector with specified 
capacities, ܡԢ is the k-element column vector containing exogenously defined final outputs. Lastly, ܡԢԢ is 
the (n – k) element column vector containing the endogenous final output streams.
ۯܠ =  ܡ (1)
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The final output of the affected product stream, ܡԢԢ, can be solved using Equation (2). To compute for 
the criticality of each derated component plant in all scenarios, we define Equation (3). Where ܋ is the 
criticality column vector containing the fractional change in the final output of the affected product 
streams relative to the baseline state. ܡܗԢԢ is the column vector containing the baseline demand of the final 
output streams, ܡܖԢԢ is the column vector containing the new final output of the product streams directly 
affected by the capacity reduction of component plants, and lastly,  ܡෝܗԢԢ is a diagonal matrix containing 
the baseline demand of final output streams. Finally, the criticality index of all nth component plants is 
given by Equation (4). ܢ is the criticality index column vector and ܠොܗ is the diagonal matrix containing the 
fractional change in component plant capacity causing the perturbation. A case study with different 
scenarios involving a symbiotic bioenergy park is presented next.
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3. Case Study: Bioenergy Park
A hypothetical symbiotic bioenergy park shown in Figure 1 comprises the following component 
plants: Combined Heat and Power plant (CHP), Bioethanol plant (BEP), Biodiesel plant (BDP), and a 
Biogas Plant (BGP). These production plants are designed to produce the following main product 
streams: Power (P), Bioethanol (E), Biodiesel (D), and Biogas (G). It is assumed that each nth plant (e.g. 
CHP plant) produces a particular nth product (e.g. power) as its main output. The process matrix A
consists of the first four data rows and first four data columns of Table 1. Equation (1) is used to solve the 
baseline capacities of the component plants, shown in Table 2, as well as the stream rates (i.e. product, 
by-product, and utility). Figure 1 shows the complete baseline state of the bioenergy park.
Figure 1. Bioenergy park input and output flow diagram for the baseline state.
Table 1. Process Data for the Baseline State of the Bioenergy Park.
Stream CHP Plant BEP BDP BGP Final Output
Power, kW 1 -0.2590 -0.0132 -0.4354 22,000
Bioethanol, L/h 0 1 -0.236 0 25,000
Biodiesel, L/h 0 0 1 0 20,000
Biogas, m3/h -0.02963 -0.003810 -0.004 1 1000
Table 2. Baseline State and Capacity Change of Component Plants in the Bioenergy Park.
Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4
CHP Plant, kW 30,881 -5.0% -1.3% -0.3% -0.2%
Bioethanol Plant, L/h 29,720 0.0% -5.0% -0.8% 0.0%
Biodiesel Plant, L/h 20,000 0.0% 0.0% -5.0% 0.0%
Biogas Plant, m3/h 2,108 -2.2% -0.8% -0.3% -5.0%
A 5% reduction in plant capacity is assumed in the criticality index calculation. In each scenario, it is 
assumed that a specific component plant will only affect the final output of a particular product stream 
while maintaining the final output of the other streams. Equation (2) is used to solve the final output of 
each product stream in each scenario. The fractional change in plant capacity of the four scenarios is 
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presented in Table 2. Equation (3) is then used to determine the fractional change in the directly affected 
product streams and Equation (4) is used to solve the criticality index of the component plants. The 
fractional change in the final output of the product streams are as follows: 0.069 for Power, 0.059 for 
Bioethanol, 0.05 for Biodiesel, and 0.104 for Biogas. The CHP plant, bioethanol plant, biodiesel plant, 
and biogas plant have criticality indices of 1.4, 1.2, 1.0, and 2.1 respectively. The component plants in the 
symbiotic network can then be ranked based on this index to determine which plant will require risk 
mitigation measures. Thus, the Biodiesel plant ranks fourth, the Bioethanol plants ranks third, and the 
CHP plants ranks second. In this work, the biogas plant has the highest value of criticality index and 
ranks first. This means that a reduction in biogas plant capacity results to a greater net loss in biogas 
output compared to other product streams.
4. Conclusions
A criticality index for component plants in a symbiotic bioenergy network was developed in this work. 
This index provides a measure of how vital each plant is relative to the operations of the entire system. It
is defined as the ratio of the fractional change in the final output of the directly affected product stream 
based on the baseline state to the fractional change in the capacity of the corresponding component plant.
Thus, the component plants can be ranked based on this proposed index to determine the most critical 
player in the network. The significance of this criticality index was demonstrated using a symbiotic 
bioenergy park as case study.
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